Abstract-A wide-area controller to damp inter-area oscillations in the North American Western Interconnection (WI) by modulating power transfers in a HVDC link is used in this paper to investigate the effects that latencies in its feedback signals have on its performance. This controller uses two feedback measurements to perform its control action. The analysis show that the stabilizing effect of the controller in transient stability and small signal stability is compromised as the feedback measurements experience higher delays. The results show that one of the feedback signals can tolerate more delay than the other. The analysis was performed with Bode plots and time domain simulations on a reduced order model of the WI from which a linear version was obtained.
I. INTRODUCTION
Electromechanical oscillations among clusters of generators typically affect weakly or sparsely connected power systems. To ensure the reliable and secure operation of the power system, these oscillations in power transfers need to be damped properly at all times. An infamous case where interarea oscillations contributed to a system breakup was the 1996 blackout in the Western Interconnection (WI) of North America [1] . Traditionally, power system stabilizers (PSSs) are used to damp these oscillations. PSSs are controllers attached to the automatic voltage regulation of conventional synchronous generators. Their control action is based on local measurements at the machine such as the power injected or the machine speed [2] .
Controlling the power transfer of HVDC links within an interconnection to damp inter-area oscillations has been proposed for different power systems [3] - [5] . In the case of the WI, this idea has been investigated since the late 1970s. In [3] , the particular solution was to modulate the Pacific DC Intertie (PDCI), the longest HVDC line in North America. Because the initial implementation reduced damping in peripheral modes, the idea was abandoned. PDCI modulation is being reconsidered due to the availability of wide-area measurements from the installation of phasor measurement units (PMUs). This Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525.
The Pacific Northwest National Laboratory is operated by Batelle for the U.S. Department of Energy under Contract DE-AC05-76RL01830. idea is currently being implemented and tested as presented in [6] - [8] . This type of controller makes use of geographically dispersed (wide area) signals which are subject to latencies. This latency is defined from the moment a measurement is captured to the moment that information is reflected in a controller action [9] . These latencies are independent for each measurement and may affect the performance of the controller if they are not well understood. The effects that latencies have on wide-area damping control in reduced order models have been previously analyzed in [10] , [11] .
This paper investigates the effect that independent latencies have on a wide-area controller. This analysis is performed in the wide area controller to damp inter-area oscillations in the WI by modulating power transfers in the PDCI as mentioned above. Using a reduced order model of the WI, the results in this work show that increases in latency in the feedback signal can destabilize a system that was previously stabilized by the controller. The results show that the controller is generally tolerant to high latencies and that latency in one signal is more harmful to the system than the other. The analysis is performed using Bode plots and validated via time-domain simulations.
The remaining part of this paper is organized as follows. Section II describes the WI and the model used in this work. Section III introduces a wide area controller to damp oscillations in the WI by modulating the power transfer on an HVDC line. Section IV analyzes the effects that latencies in feedback measurements have on the performance of the controller. Finally, Section V summarizes the paper and presents futures directions of research.
II. THE WESTERN INTERCONNECTION

A. Description
The WI is susceptible to inter-area oscillations due to its geographic configuration of sparsely located load and generation centers. Several years of research and actual-system testing have resulted in the identification of several of these inter-area modes. The most relevant modes are as follows:
Of these, the NSB mode is the most problematic. This mode has generators in the Pacific Northwest and BC swinging against those of the southern part of the system and Alberta oscillating against BC [7] .
B. Model
The power system model studied in this work is a reduced order model representation of the WI using the MATLABbased package PST [12] . This model, known as the Mini-WECC, was developed to accurately represent all the known inter-area oscillation dynamics present in the actual WI [13] . The Mini-WECC consists of 123 buses with 34 generators. This system also models the two main DC tie lines in the WI: the Pacific DC Intertie (PDCI) linking the Washington-Oregon border with the Los Angeles area, and the Intermountain Power Project DC line (IPP) which connects the Los Angeles region in Southern California with Western Utah. The original mini-WECC model developed in [13] considered a very simplified model for HVDC lines which were modeled as positive and negative loads. In this work, the HVDC models available in PST [12] were used. These models consider PI controls for rectifier and inverter, where the rectifier controls the DC current and the inverter controls the DC voltage, respectively.
The operating condition of the system used in this work has two lightly damped modes: the NSB mode and the BC mode. III. DAMPING CONTROL VIA HVDC MODULATION The inter-area oscillations in the WI are traditionally damped by power system stabilizers (PSSs) installed at dispersed synchronous generators throughout the system. Additionally, limits in the power transfer from north to south have been imposed to avoid reaching a risky condition of lightly damped inter-area modes. Furthermore, it has been demonstrated that damping inter-area oscillations can be achieved by modulating power transfers in the PDCI. This particular approach, proposed in [3] , [4] , has been extensively studied, implemented and successfully tested [7] , [8] . Fig. 2 illustrates the implementation of the controller used in this paper. The control action to modulate the power transfer is
which is a proportional control action on the current order of the PDCI. This command is based on the relative frequency between from the northern and southern parts of the system. Note that the current control was used as a proxy for modulating the power transfer in the HVDC. It was selected because it is the interface for the HVDC model implemented in PST. The rectifier control diagram that PST uses is presented in Fig. 3 . The linearization of the system in Fig. 1 , using the controller in Fig. 2 yields the following equations,
where A is the system matrix with the inter-area modes outlined in Section II-A. B P is the input matrix that describes how the system states are affected by changes in the PDCI current command I cmd . y f is the output vector with two outputs corresponding to frequencies in the northern and southern parts of the system, respectively. Note that by using derivative filters the frequencies at selected buses of the system are contained within the state vector x. In total the system has 354, states with 4 of those corresponding to two derivative filters. The output frequencies selected are the frequencies at Buses 24 and 49 for the northern and southern measurements, respectively. This results in an output vector of y f = [f 24 f 49 ] (with f north = f 24 , f south = f 49 ). The closed loop control action in (1) can be represented as, 
with the loop of the system closed by the gain k d , the transfer function then becomes,
The negative sign in the denominator of (5) means that the feedback is positive because the controller in (3) already reflects the sign for negative feedback. To compute the proportional gain k d to stabilize the system, the root-locus method was used. Fig. 4 is a root-locus plot that shows the movement of the poles of the system as k d increases. The starting position of the poles is determined by the crosses (x) in Fig. 4 and they move, generally, towards zeros (o) in with the trajectories observed in Fig. 4 . It can be observed that the lightly damped NSB and BC modes move initially towards the left, improving damping, as k d is increased. Moreover, for all of the modes observed in Fig. 4 , damping is increased with initial increases in k d . The presence of zeros however results in a reduction of damping, in certain modes of oscillation, for large values in k d . The optimal proportional gain is then a value that improves damping for all the modes of the system. Through this analysis this gain was chosen to be 4000 kA/Hz. The position of the poles with this gain is observed as diamonds markers in Fig. 4 .
IV. EFFECT OF LATENCIES IN FEEDBACK SIGNALS
In this section, the effects of latencies in the feedback frequency signals on the performance of the controller are presented.
A. Analysis in the Frequency Domain (Bode Plots)
The implementation of the controller in Fig. 2 in the actual system requires measurements from different locations within the system. These measurements are transmitted via communication networks from their locations to the controller where they are received with a certain latency. Considering the measurement and communication latency for each measurement, the controller in (1) can be rewritten as,
where T d1 and T d2 are the latencies experienced by the northern and southern measurements, respectively. To include the latencies, relationship (3) is updated as,
With latencies, the transfer function of the open loop system is rewritten as,
ant the closed loop transfer function becomes,
Because equations (7), (8) have exponential terms dependent on the latencies, the system becomes infinite-dimensional The computation of the eigenvalues becomes problematic. Eigenvalue determination based on a root locus plot may be inconvenient. Bode plots were used to analyze the impact that latencies T d1 and T d2 have on the controller introduced in Section III. Fig. 5 shows Bode plots of the system: k dĤif,ol (s), for different values of measurement latencies. Note that the proportional gain was set to k d = 4000 kA/Hz according to Section III. Fig. 5 shows four cases as follows:
• base case, no latencies, T d1 = T d2 = 0s, • latency only in the southern measurement, T d1 = 0s and T d2 = 0.5s, • latency only in the northern measurement, T d1 = 0.5s
and T d2 = 0s, • identical latency in both measurements T d1 = T d2 = 0.5s. The results for the cases above can be summarized as follows: (i) when the latencies are identical, the magnitude of the system is the same as in the base case, (ii) for the case with identical latencies the phase is impacted with respect to the base case and (iii) between 0.32 and 0.477 Hz (2 and 3 rad/s)
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(a) Bode magnitude plot of the system for different time delays.
Phase (deg) (b) Bode phase plot of the system for different time delays. the phase gets closer to -180
• . After 0.636 Hz (4 rad/s), the phase declines sharply. However, the system remains stable because at phases lower than -180
• the magnitude is less than zero dB. (iv) For the case with latency on the southern measurement, the magnitude of the system is only slightly affected and is generally above that of the base case for frequencies below 0.32 Hz (2 rad/s). The phase on the other hand is heavily affected and steeply declines around 1.11 Hz (3.5 rad/s) which compromises the stability of the system. (v) For the case with latency on the northern measurement it can be observed that the phase of the system is strongly affected compared to the base case. In fact for frequencies beyond 0.096 Hz (0.6 rad/s), the system has completely lost any phase margin and becomes unstable. It is important to note that according to the Bode plot analysis, the performance of the controller is affected mostly by latencies in the local measurement and not on the remote measurement.
B. Time Domain Simulations for Small Signal Stability
Time domain simulations are conducted to validate the results from the Bode plot analysis. Two faults were considered to disturb the system. The first one is a three phase fault in one of the lines from Bus 86 to 87 in Oregon and the second one corresponded to a three phase fault on the line linking buses 102 and 103 between Idaho and Montana. These faults were applied at 2 seconds, lasted for 10 ms and were removed without causing changes to the topology of the system. Even though several signals were monitored, this work only presents results for the power transfer from Bus 89 to Bus 38. show, respectively, the results for identical latencies, latency only on the southern measurement and latency only on the northern measurement. The results in Fig. 6 show that the system without a controller has a mode that is lightly damped. They show that the controller in Section III stabilizes the system (green line in either subfigure). Additionally, the results show the system is very tolerant to latencies in either measurement up to 0.2 seconds. For higher latencies of 0.5 s the results show that only latencies in the northern measurement compromise the stability of the system while the same type of delay in the southern measurement does not. The results in Fig. 7 for the fault on the line between Buses 102 and 103 show the same behavior as those in Fig. 6 . These results corroborate those of the Bode plot in Fig. 5 .
C. Time Domain Simulations for Transient Stability
To analyze the effects that the controller and latencies in the feedback signals have on the transient stability of the system, a loss of the Palo Verde generating unit (Gen. 26) at 2 seconds was considered. Fig. 8 shows the difference in the speed of Gen. 7 in the north and Gen. 27 in the south for different cases of latencies in the feedback signals. This signal was used because a loss of synchronism is easier to identify using machine speeds. The results in Fig. 8 show that the system without control, the base case, loses synchronism (i.e. is transiently unstable) for the loss of Gen. 26. The results also show that the controller restores stability to the system and that this stability is preserved for latencies of 0.2 s. For higher latencies of 0.5 s in either feedback measurement or in both measurements, the system is again transiently unstable. 
V. CONCLUSIONS AND FUTURE WORK
This paper analyzes the effects that latencies have on a widearea controller designed to damp inter-area oscillations in the WI by modulating power transfers in the PDCI. The control action requires a measurement from the northern part of the system and another from the southern part and is hence subject to two different latencies. It is determined using Bode plots that the phase margin of the system is mainly affected by latencies in the northern measurement. It is found that the system can tolerate latencies in the southern measurement as well as combined latencies in both measurements. The results of the Bode plot are confirmed with time domain simulations. In addition to improving small-signal stability, it is also shown that the controller improves the transient stability of the system, but this benefit is lost for high latencies in the feedback signals Future work will investigate reasons why one latency has more effects on the stability of the system than the other latency. This will inform the design of and propose a controller more tolerant to measurement latencies.
